Background: Teeth are integrated into the vertebrate oral jaws to provide a functional unit for feeding, however little is known about how this integration occurs during growth and development. The purpose of this study is to identify the ontogenetic changes in oral jaw shape that are associated with the transition of the oral dentition from unicuspid teeth to multicuspid teeth. Here, we compare the shape of the occluding upper (premaxilla) and lower (mandible) jaws of the toothed Mexican tetra (Astyanax mexicanus) and the toothless (oral teeth present, pharyngeal teeth absent) zebrafish (Danio rerio) over development. Gross morphology combined with morphometric analyses were used to analyse shape changes of the occluding oral jaws in each species. Histological analyses were also used to examine the development of the mandibular symphysis. Results: The occluding edge of the premaxilla is the first region to ossify in the Mexican tetra, but the last to ossify in zebrafish. Morphometric analyses revealed that the early shape of the premaxillae (in fish younger than 8 mm SL) is the same in each species but that the premaxilla shape changes significantly at larger sizes. These changes are apparent in the tooth bearing region of the Mexican tetra. The rostral region of the mandible also houses teeth, however ossification and shape in this region were surprisingly similar between species despite differences in the presence of oral dentition. Furthermore, we found that the mandibular symphysis of the Mexican tetra is composed of interdigitating bone, while the symphyseal region of the zebrafish is composed of fibrous connective tissue. Conclusions: These differences in the jaw skeleton have likely evolved due to different feeding strategies utilised by each species. Our results show that premaxillae shape correlates strongly with the development of complex dentitions unlike in the mandible. This study provides important insights into the relationship between jaw and tooth development in bony fishes and suggests that these mechanisms may be similar amongst vertebrates.
Introduction
The coordinated development between jaw bones and teeth is essential for feeding, defense, predation and ultimately survival of many vertebrates. Gnathostomes (jawed vertebrates) typically have dentition along their oral jaws, however the presence of oral teeth has been lost in several animals, including birds, turtles and some teleost fish (reviewed in Britz et al., 2009) . Teleost fish, which comprise nearly half of all living vertebrates, exhibit a wide diversity in tooth shape, size, number and location (Nelson, 2006) . With relatively easy laboratory care and external fertilization producing a large number of offspring, teleosts are emerging as very useful models in biomedical research.
A common model in developmental biology is the zebrafish (Cyprinidae: Danio rerio). Zebrafish lack dentition on the oral jaws and possess pharyngeal teeth only (on the sixth ceratobranchial arch). The cyprinids diverged from a common toothed ancestor shared with the order Characidae, their closest tooth bearing relatives, around 250 million years ago (Saitoh et al., 2003; Stock et al., 2006) . The order Characidae consists of active predators such as piranhas (Grubich et al., 2012; Khan et al., 2010) and tetras (Trapani et al., 2005) . The Mexican tetra (Astyanax mexicanus) is an emerging model organism in evolutionary and developmental biology. Because of the vast difference in feeding mechanisms and close relatedness between these two species, we chose to compare the development of the occluding oral jaws of the zebrafish and Mexican tetra using morphometric shape analysis. This study builds on our previous research that described the ossification of the mandibular bone only in these two species over growth (Milligan et al., 2012) and the spatio-temporal events of tooth development in the Mexican tetra (Atukorala et al., 2013; Atukorala and Franz-Odendaal, 2014) .
In contrast to the simple unicuspid pharyngeal dentition in zebrafish, adult Mexican tetra have both unicuspid and multicuspid oral teeth, as well as unicuspid pharyngeal teeth (Atukorala and Franz-Odendaal, 2014) . The first generation dentition of Mexican tetra larvae is simple and unicuspid in morphology. After several tooth replacement cycles, the teeth increase in size and cusp number (up to 4-5 cusps per tooth) to become multicuspid teeth. The oral jaws, however, still house a few unicuspid, as well as bicuspid and tricuspid teeth, particularly in the caudal region of the mandible and premaxilla. Thus, the oral dentition of the Mexican tetra can be described as a complex dentition with morphologically mixed tooth types.
The Mexican tetra dentition likely evolved due to its feeding behavior as an active predator, where strong jaws and teeth are used to capture prey (Atukorala et al., 2013; Trapani et al., 2005) . The mandible (lower jaw) is composed mainly of the left and right dentaries, which are attached in the midline by the symphysis and function as a strong unit. Each dentary articulates dorsoposteriorly with the anguloarticular and the retroarticular, and articulates posteromedially with coromeckelin bone (Cubbage and Mabee, 1996; Milligan et al., 2012; Valdez-Moreno and Contreras-Balderas, 2003) . During development, the dentaries ossify around a Meckel's cartilage template, which gradually retracts. Retraction of Meckel's cartilage occurs earlier in the Mexican tetra than in the zebrafish (Milligan et al., 2012) . We previously hypothesized that these differences in retraction onset may influence the overall shape of the mandible and may relate to presence/absence of oral teeth.
Unlike the mandible, the development of the upper jaw in the Mexican tetra and zebrafish has not been compared. Generally, in teleosts the upper jaw consists of paired premaxillae and maxillae bones (Fig.  1) . The premaxillae occlude directly with the mandible in both the zebrafish and Mexican tetra, while the maxillae occlude with the mandible in the Mexican tetra but not in zebrafish (Berry, 1964; Cubbage and Mabee, 1996; Valdez-Moreno and Contreras-Balderas, 2003) (Fig.  1A/B) . Furthermore, in the Mexican tetra, dentition arises much later in the maxillae than in the other oral jaw bones, at 60 days post fertilization (dpf) compared to 4 dpf (Atukorala et al., 2013; Atukorala and Franz-Odendaal, 2014) . Due to these differences, analyses of the maxillae were not included in this study.
In the current study, we used a growth series of the Mexican tetra and zebrafish to compare the gross morphological shape changes that take place in the occluding premaxilla and mandible over development. We hypothesized that there would be morphological shape differences associated with oral jaws that have teeth versus those without teeth in teleosts. Furthermore, since the mandibular symphysis is known to influence the overall strength of the vertebrate lower jaw (Scott et al., 2012) , we also investigated the histological differences of this structure in these two species.
This study provides the ground work needed for further studies investigating the developmental and functional integration of teeth and oral jaws during development and sheds light on the evolvability of adaptive feeding mechanisms in teleosts.
Results
In order to compare the shape differences in the occluding oral jaws, we first describe the gross morphology of the premaxilla and mandible for each species from larval to adult stages. We also describe the histology of the mandibular symphysis joint. Finally, we describe the shape changes of the premaxilla and mandible using morphometric analyses in these two species. 2.1. Occluding edge of premaxilla ossifies earlier in the Mexican tetra than in zebrafish At 5.0 mm SL, the premaxilla of the Mexican tetra is thin with a small ascending process, and is entirely cartilaginous. Premaxillae teeth are not mineralized at this age (Fig. 1C ) but during the next millimeter of growth, the tips of the small unicuspid teeth start to calcify. Ossification begins along the occluding edge of the premaxilla by 5.5 mm SL, while the dorsomedial edge of the ascending process remains cartilaginous (Fig. 1D) . By 7.0 mm SL, the small unicuspid teeth have been replaced by large unicuspid teeth along the premaxilla. The premaxillary bone increases in size during development and completes ossification around 9.0 mm SL, including the tip of the ascending process, which is the last region to ossify. At 11.0 mm SL, the ascending processes are wide (Fig.  1E) . Large unicuspid teeth are replaced by large multicuspid teeth in the adult premaxilla (N 20.0 mm SL) (Fig. 1F) . Data are summarized in Table 2 .
In zebrafish, at 6.0 mm SL the cartilaginous premaxilla is small and thin (Fig. 1K) . By 7.0 mm SL, ossification is present along the dorsal and ventral edges of the element as well as along the ascending process (Fig. 1L) . The dorsolateral edge of the premaxilla starts ossifying from the ascending process. The ascending process becomes more triangular in shape and ossifies dorsolaterally, but the occluding edge remains cartilaginous at 7-8 mm SL. The entire premaxilla is ossified by 9.5 mm SL except for the occluding edge directly beneath the ascending process (Fig. 1M) . By 11.5 mm SL, the premaxilla is completely ossified and the ascending process is considerably wider. In the adult zebrafish (larger than 20.0 mm SL), the ascending processes are large and pointed (Fig.  1N ). Data are summarized in Table 2 .
Comparing the Mexican tetra and zebrafish, there are some interesting differences and similarities with respect to ossification of premaxillae. For the Mexican tetra, premaxilla ossification spans 5.5 to 9.0 mm SL, and is complete well before these fish are half their adult size (approximately 25 mm SL). In contrast, zebrafish premaxilla ossification occurs between 7.0 and 11.5 mm SL, which is during the second half of their developmental growth (adult size is approximately 15 mm SL). Furthermore, the tooth bearing occluding edge of the Mexican tetra is one of the first regions to ossify, however this edge is the last region to ossify in the zebrafish, which lacks oral teeth. These findings suggest that ossification of the oral jaw may be necessary for the development of complex dentition. In both species, the tips of the ascending processes ossify later than most other regions.
2.2. Mandibular ossification begins at the rostral edge in both species irrespective of dentition, yet the mandibular symphysis differs dramatically At 5.0 mm SL, the mandible of the Mexican tetra is composed of cartilage except for ossification along the rostral edges, and while small unicuspid teeth are present in the rostral edge, they are not yet mineralized (Fig. 1G) . The tips of the teeth begin to calcify around 5.5 mm SL. By 6.0 mm SL, the lingual and buccal edges of the rostral mandible are completely ossified (Fig. 1H) . Tooth number increases until this stage and teeth begin to exfoliate and are replaced by larger unicuspid teeth. Ossification has begun along the cartilaginous ventromedial shelf. At 6.5 mm SL, ossification extends inwards from the lingual and buccal borders of the dentaries, however Meckel's cartilage is still quite large and makes up the majority of the mandible (not shown). The mandible is completely ossified by 11.0 mm SL (Fig. 1I) . By adulthood (over 20 mm SL), the mandible has enlarged by growing dorsally and laterally (i.e. it is wider and more robust) and there are multicuspid teeth in the rostral jaw area (Fig. 1J) . Ossification of the Mexican tetra mandible mostly occurs between 5.0 and 11.0 mm SL, although remnants of Meckel's cartilage remain into adulthood. These data are summarized in Table 2 .
In 5.0 mm SL zebrafish, the mandible is cartilaginous (Fig. 1O , Table 1 ). Rostrally, the buccal edge of the mandible begins to ossify around 6.5 mm SL (Fig. 1P) . By 7.0 mm SL, the entire buccal edge of the mandible is ossified as is the lingual edge of the rostral region. The ventromedial shelf, coronomeckelians, retroarticulars and coronoid processes remain cartilaginous. By 9.5 mm SL, the anterodorsal plate is ossified with a band of Meckel's cartilage through the middle (Fig.  1Q ). At this stage, ossification extends to the small lateral processes. At 11.5 mm SL, more of the mandible is ossified although Meckel's cartilage now extends from the middle of each dentary posteriorly. By adulthood (15.0 mm SL and larger), the rostral region of the mandible is entirely ossified and a remnant of Meckel's cartilage is still visible caudally (Fig. 1R ). As the fish grows, the mandible increases in length and width but otherwise does not appear to change shape. Data are summarized in Table 2 .
Histological sections of the mandibular symphysis region were used to compare the cellular variation of this joint in these two species. The mandible of young larval Mexican tetra and zebrafish (approximately 4.5 mm SL) both consist of one or two rows of stacked chondrocytes surrounded by epithelial tissue ( Fig. 2A, E) . By 9.5 mm SL in the Mexican tetra, Meckel's cartilage has started to retract and become surrounded by bone (Fig. 2B) such that, by approximately 20 mm SL, the mandibular symphysis is an interdigitating joint surrounded almost entirely by bone (Fig. 2C ). This region remains unfused even in older adults (Fig.  2D ). In the zebrafish, some bone tissue is present around the mandibular symphysis at 8.0 mm SL together with epithelial cells and connective tissue (Fig. 2F ). Unlike the Mexican tetra, the zebrafish mandibular symphysis does not interdigitate at older stages (compare To summarize, ossification occurs earlier in the mandible of the Mexican tetra than in the zebrafish, this is similar to what was found for the premaxilla with which it occludes and may be due to the presence of functional dentition in these jaws. In both species, the cartilaginous mandible starts to ossify at the edges of the rostral region, although ossification begins in the buccal edge for zebrafish prior to the lingual, while the buccal and lingual edges of the Mexican tetra mandible start to ossify at the same time. Interestingly, the zebrafish mandibular symphysis remains unfused in adults while the homologous region in adult Mexican tetra, it is composed of interdigitating bone. Ossification of the mandible progresses concurrently with tooth eruption in this species. This data collectively suggest that the Mexican tetra mandibular symphysis is stronger and more robust than that of the zebrafish, which is not entirely surprising considering their different feeding strategies.
2.3. Premaxilla shape is similar when comparing very young Mexican tetra and zebrafish but differs in fish larger than 8 mm SL
In order to assess the shape variance between the premaxillae of the Mexican tetra and zebrafish over growth, we conducted a morphometric and principle component (PC) analysis on the right premaxilla amongst all samples (Fig. 3 ). PC1 and PC2 account for 85% of the total observed variation. PC1 alone accounts for 72% of the observed variation in shape and represents changes in the dorsoventral length of the bone over development, while PC2 represents the medial corner of the occluding edge (immediately adjacent to the midline symphysis of the bone) (Fig. 3) . Mexican tetra and zebrafish samples cluster together along the PC2 axis at younger stages, after which the species diverge from one another (Fig. 3) . That is, these species occupy different morphospaces along PC2 at later stages indicating differences in the medial part of the occluding edge. Both PC1 and PC2 are statistically significant (ANOVA for PC1; p b 0.05, F = 54.48, df = 11, 81; ANOVA for PC2, p b 0.05, F = 11.39, df = 11, 81; Table 3 ). When comparing the Mexican tetra and zebrafish of the same age group, the Tukey's test for similarly shows that there are significant differences in PC1 values for all age groups larger than 10 mm and in the PC2 values for all age groups larger than 8 mm (Table 3 ). This analysis shows that Mexican tetra and zebrafish premaxillae shapes have parallel ontogenetic trajectories, with some overlap at the younger stages (b8 mm SL). Furthermore, the juvenile age groups are shifted compared to the younger and older age groups in both datasets, suggesting that shape is affected differently during this time period.
Width and curvature of the half mandible differs between species
In order to assess the shape changes occurring along the mandible of these two species, we conducted a morphometric analysis first on the right halves of the mandible alone and later on the entire mandible (Fig. 4) . In the half mandible analysis, PC1 corresponds to the overall increase in the buccal-lingual width of the bone as growth proceeds and represents 59% of the total variation in shape, whereas PC2 corresponds to 20% of the shape variation and represents changes in the curvature along the rostro-caudal axis of the mandible. On the PCA plot, the Mexican tetra and zebrafish samples follow a similar trend with respect to each axis, however the zebrafish data points are shifted upwards (i.e. the shape of the zebrafish mandible over ontogeny has higher PC2 values) compared to the Mexican tetra samples (Fig. 4) . Both PC1 and PC2 are statistically significant (ANOVA for PC1, p b 0.05, F = 74.00, df = 11, 95; ANOVA for PC2, p b 0.05, F = 26.54, df = 11, 95; Table 3 ). When comparing Mexican tetra and zebrafish half mandibles of the same age group, PC1 values are not statistically different, whereas for PC2, significant differences are present for all size groups (Table 3) . That is, the rostro-caudal curvature of the half mandible changes significantly over growth in each species, especially at the middle of the growth trajectory. This finding will be considered further when we discuss the whole mandible analyses.
2.5. The rostral shape of the mandible is similar between species despite dentition differences
The mandibular symphysis connects the left and right halves of the mandible and restricts the movements of the two dentaries such that they function as a single bone. For this reason, we also conducted morphometrics analyses on the entire mandible as a whole unit (Fig. 5 ). PC1 and PC2 account for 83% of the total shape variation. PC1 corresponds to overall size of the mandible over growth (59% of the shape variation) and PC2 corresponds to changes in the rostral width of the mandible (24% of the shape variation). On the PCA plot, the Mexican tetra and zebrafish samples are clustered together along the PC2 axis for all size groups (Fig. 5) . Again, both principle components are significant (ANOVA for PC1, p b 0.05, F = 11.30, df = 11, 95; ANOVA for PC2, p b 0.05, F = 45.30, df = 11, 95; Table 3 ). When the whole mandibles of the Mexican tetra and zebrafish of the same age groups were compared, PC1 values are found to be statistically different at 8-10 mm and at sizes larger than 30 mm SL (Table 3) . Interestingly, the mandibles of the juvenile age groups are similarly shaped in each species with respect to PC1. When comparing PC2 values for Mexican tetra and zebrafish mandibles of the same size group, no significant differences are found (Table 3 ). This result is surprising, as PC2 corresponds to the rostral buccal-lingual width of the mandible, the region which bears Table 1 The age matched standard length of the Zebrafish and Mexican tetra during development. The Mexican tetra has functional oral teeth from 4 dpf. The oral dentition changes from the simple unicuspid dentition to mixed dentition as the fish grows. In adults, the oral jaw dentition typically has five cusps per tooth.
Species
Standard length Age Cuspal morphology of the functional teeth Zebrafish 4-6 mm 8 dpf-12 dpf 6-8 mm 12 dpf-25 dpf 8-10 mm 25 dpf-40 dpf 10-20 mm 30 dpf-80 dpf 20-30 mm 9 months-2 year N30 mm 9 months-2 year Mexican tetra 4-6 mm 12 dpf-21 dpf Unicuspid teeth only 6-8 mm 13 dpf-28 dpf Unicuspid and bicuspid 8-10 mm 28 dpf-35dpf Unicuspid, bicuspid 10-20 mm 35 dpf-48 dpf Unicuspid, bicuspid and tricuspid 20-30 mm 60 dpf-80 dpf Unicuspid, bicuspid tricuspid and four to five cusps N30 mm 80 dpf+ Unicuspid, bicuspid, tricuspid and four to five cusps Table 2 Summary of the timing of ossification of the premaxilla and mandible of the Mexican tetra and zebrafish over development. In the Mexican tetra ossification begins at the occluding edge of the premaxilla and ends at the tip of the ascending process at 9.00 mm SL whereas in the mandible, ossification begins in the lingual and buccal edges of rostral region and completes around 11 mm SL. Remnants of MC is always present in the adult mandible. In zebrafish, ossification begins at the dorsal and ventral edges of the premaxilla and ends at the tip of the ascending process at 11.5 mm SL, whereas in the mandible, ossification begins at the rostro-buccal edges and completes around 11 mm SL. Remnants of MC is always present in the adult mandible. The first small, unicuspid teeth are present as functional teeth in the Mexican tetra premaxilla and mandible before 4 mm SL. (MC, Meckel's cartilage; SL, standard length). teeth in the Mexican tetra but remains without teeth in zebrafish. Therefore, dentition seems to have little or no correlation with mandibular shape change over growth in these two teleost species.
Result

Discussion
The relationship between jaws, teeth and feeding is essential for survival. Although teeth and jaws are derivatives of the first pharyngeal arch, jaw bones are derived from neural crest cells, while teeth develop from a combination of neural crest derived ectomesenchymal cells and ectodermal epithelium of the first branchial arch (e.g. Cobourne and Sharpe, 2003; Dassule et al., 2000) . Many mutations and developmental disorders lead to malformed teeth and jaws. For instance, loss of Satb2 in mice and humans has been associated with cleft palate along with jaw and tooth abnormalities (Britanova et al., 2006) . Development of jaws and teeth are likely linked via shared gene networks involving the Bmp, Fgf and Hh pathways (e.g. Boughner and Hallgrimsson, 2008; Cobourne and Sharpe, 2003) , however surprisingly few studies have investigated the relationship between jaw morphology and teeth during development.
Several studies have shown that altering diet directly influences jaw morphology. For example, mice fed hard food develop jaws which are 3 . The first and second principal components from the right premaxilla of the Mexican tetra (orange squares) and zebrafish (blue triangles) throughout growth. Schematics at the end of each axis show the premaxillary bone shapes representing −2 and +2 standard deviations from the mean shape for each principal component. The schematic in the right upper corner summarizes the shape differences in dorsoventral length (PC1, black double headed arrow) and in the size of the medial corner of the occluding edge (PC2, red double headed arrow) (D, dorsal and V, ventral). These two species occupy different morphospaces along PC2, particularly at mid stages of growth, indicating that differences in the medial part of the occluding edge emerge as the fish grows. stronger, and which have less variation in mandibular shape than those fed soft food (Anderson et al., 2014) . Diet also influences the structure of cichlid pharyngeal jaws, with hard food increasing pharyngeal jaw size and molar-like tooth development (Gunter et al., 2013; Gunter and Meyer, 2014; Schneider et al., 2014) . Variation in oral jaw shape of cichlid species has been related to different feeding functions and directional selection (Albertson et al., 2003) . When the same species was fed soft food, the pharyngeal jaws were reduced in size and dentition was less complex (Gunter et al., 2013 and . A recent study by Powder et al. (2015) used landmark-based morphometrics to compare the mandibles of several cichlid species throughout development, enabling the authors to relate jaw shape to trophic behaviors. Powder et al. (2015) associated benthic feeders with short mandibles and pelagic feeders with longer mandibles. The relationship between bone and tooth development provides insight into the relationship between phenotypic plasticity and natural selection, and is important to consider when studying evolution and comparative anatomy of related species with different feeding habits.
In this study, we compared the oral occluding jaws of the toothed Mexican tetra to the toothless zebrafish (i.e. oral dentition is absent) using outline morphometrics Fig 6. Our morphometric analyses showed that the Mexican tetra and zebrafish premaxillae are shaped similarly shortly after hatching, however, the premaxilla shape changes during continued growth resulting in pronounced species differences. The developmental timing of these shape changes occur shortly after the appearance of large, complex teeth in the Mexican tetra premaxilla, which develop during premaxilla ossification (Table 1) . Furthermore, these shape changes occur along the tooth bearing edge of the premaxilla. Interestingly, these findings correspond to the development of complex teeth and not to the smaller unicuspid teeth. The reason for this might be in the types of tooth attachment; larger unicuspid and multicuspid teeth have intraosseous attachment versus small, unicuspid, simple teeth, which have an extraosseous attachment (Atukorala and Franz-Odendaal, 2014) . Interestingly, in mice, a similar association between tooth presence/absence and premaxilla shape has been found (Boughner and Uppal, 2014) . Collectively, this data could Fig. 4 . The first and second principal components from the right half of the mandible of the Mexican tetra (orange squares) and zebrafish (blue triangles) throughout growth. Schematics at the end of each axis show the mandible shapes representing −2 and +2 standard deviations from the mean shape for each principal component. The schematic in the right upper corner summarizes the shape differences which varies in the rostro-caudal length (PC2, double headed red arrow) and overall width, particularly in the rostral most region (PC1, black double headed arrow). C, caudal and R, rostral. This data show that the two species have parallel ontogenetic trajectories with some overlap at the younger stages. Furthermore, the middle age groups are shifted compared to the younger and older age groups in both datasets, suggesting that shape is affected differently during this time period.
indicate that the development of the premaxilla and oral teeth is tightly controlled. Furthermore, changes in upper jaw shape likely influences the shape of the occluding mandible, as they become functionally integrated into the head. Once this integration has occurred, further growth of the oral jaws may be independent of the dentition. Unlike the premaxilla, mandibular ossification and rostral shape is similar between the Mexican tetra and zebrafish, indicating that ossification of this bone is not strongly correlated with dentition. Large unicuspid teeth develop during the jaw ossification phase, as in the premaxilla (Table 2) , however no significant shape variation was detected in the tooth bearing regions of the mandible (Table 3) . Previous studies in primates also show that initiation of teeth does not appear to direct the shape of the developing mandible (Boughner, 2011) , nor does the space available in the mandible govern the timing/placement of mammalian molar crowns (Boughner and Dean, 2008) . Another study in mice indicates that in the p63 mutant mice, which do not have teeth, the mandible develops normally except for some slight shape variation along the tooth bearing regions (Paradis et al., 2013) . Overall, it appears that the development of complex dentition and mandibular shape are less tightly coupled than premaxillary bone growth and its associated tooth development. Factors such as occlusion with the premaxilla, bite force, musculature and overall jaw movements are important in determining the overall shape of the mandible (Gosline, 1987) .
Ossification of the mandibular symphysis restricts the individual movement of each half of the mandible; this helps create a forceful bite by transferring strength from the jaw muscles (Lieberman and Crompton, 2000; Scott et al., 2012) . The degree of ossification of the symphysis can be used to predict diet in mammals (Scott et al., 2012) and reptiles (Holliday et al., 2010) . The mandibular symphysis of the Mexican tetra and zebrafish has received little attention in the literature (Cubbage and Mabee, 1996; Gregory and Conrad, 1936; Milligan et al., 2012) . Our histological analyses indicate that the Mexican tetra Fig. 5 . The first and second principal components representing the shape differences of the mandibles of the Mexican tetra (orange squares) and zebrafish (blue triangles) throughout growth. Schematics at the end of each axis show the mandible shapes and represent − 2 and + 2 standard deviations from the mean shape for each principal component. The schematic in the right upper corner of the graph summarizes the shape differences in the whole mandible, which varies in overall growth (PC1, black double headed arrow) and rostral width (PC2, red double headed arrow). C, caudal and R, rostral. This data suggest that during growth, there are no difference in these two species with respect to the rostral buccal-lingual width of the mandible, which houses teeth. dentaries interdigitate with one another (Fig. 2C) . This result is similar to findings in other Characidae fish, Hydrocyon lineatus, in which the mandibular symphysis is described as a hinge joint that helps to transversely spread the jaws during swallowing (Gregory and Conrad, 1936) . Zebrafish do not have this hinge joint but rather a more flexible unfused joint, common in cyprinids (Gidmark et al., 2012) . The morphological differences in the mandibular symphysis region of the Mexican tetra and zebrafish are likely directly associated with their different feeding strategies and their different mandibular movements (Gosline, 1987) . Although feeding kinematics have been studied in the zebrafish (Hernandez, 2000) , the role of the mandibular symphysis in this process has not been described for either species used in our study, and should be investigated further. Interestingly, in mammals, particularly primates, much of the shape variance in the jaw is associated with the period of growth when the animal has a mixed dentition (deciduous and permanent teeth) (Coquerelle et al., 2010; Boughner, 2011) . Perhaps there is a similar "mixed dentition" period and pattern of jaw variation in teleost fish that have complex dentitions.
To summarize, at early stages of development, both the upper and lower oral jaw shapes of the Mexican tetra and zebrafish are similar despite the presence of small, simple, unicuspid teeth in the former. However, the shape of the premaxilla changes significantly at the time that large, complex teeth develop. This suggests that the shape of the premaxilla is important for accommodation of large, complex teeth, but not for simple ones. Unexpectedly, the shape of the tooth bearing region in the Mexican tetra mandible does not differ significantly compared to the same area in the zebrafish, despite developing large, complex teeth. This finding suggests that factors other than dentition govern mandibular bone shape; such as, perhaps the effects of occlusion with the premaxilla, bite force, and musculature. The teleost oral jaws are influenced differently by the presence/absence of complex dentition despite occluding with one another. This result is similar to findings in mammals (Boughner and Dean, 2008; Paradis et al., 2013; Boughner and Uppal, 2014) . These results raise interesting questions about the relationship between complex dentition and bone shape as well as the functional integration of the teeth and jaws into the rest of the skull. A greater understanding of this interaction is required and could provide essential insights into the fields of evolutionary development, comparative anatomy and human health.
Materials and methods
Fish samples
Sighted Mexican tetra (Astyanax mexicanus) and zebrafish (Danio rerio) were housed at Mount Saint Vincent University, Halifax, Nova Scotia, Canada. Mexican tetra used in this study descended from fish obtained from Dr. R. Borowsky (New York University, New York City, USA), while the zebrafish are wild-type progeny of AB stocks from the Zebrafish International Research Center (ZIRC). Animals were raised according to the guidelines of Canadian Council of Animal Care (CCAC). All protocols were approved annually. Samples were euthanized with 0.1% MS222 Ethyl 3-aminobenzoate, methane sulfonic salt (Sigma-Aldrich, E10521). Samples were fixed overnight using 4% paraformaldehyde (PFA) and then processed through an ethanol/distilled water series to be stored in 70% ethanol.
The standard length (from the snout to base of the tail) of each fish was measured to the nearest decimal with the Nikon NIS Elements image analysis software. Based on standard length (SL), samples were grouped as follows: 4 mm to 5.9 mm, 6 to 7.9 mm, 8 to 9.9 mm, 10 to 19.9 mm, 20 to 29.9 mm and larger than 30 mm. For simplicity, we will from now on refer to each group as 4 to 6 mm, 6 to 8 mm, 8 to 10 mm, 10 to 20 mm, 20 to 30 mm, and larger than 30 mm. Five to 14 fish per group in each species were analyzed for a total of 58 Mexican tetra and 52 zebrafish. Table 1 shows a comparison between standard length of each fish, age and dentition.
Whole mount bone and cartilage stain
A whole mount acid-free double stain (modified from Walker and Kimmel, 2007 according to Franz-Odendaal et al., 2007) was used to visualize bone and cartilage. Bone was stained using Alizarin red S (Sigma-Aldrich, A5533) and cartilage was stained using Alcian blue (Sigma-Aldrich, A4045). Briefly, the fish were stained overnight in Alcian blue and Alizarin red staining solution. Fish were then rinsed in water and bleached in 3% hydrogen peroxide in 1% potassium hydroxide (Sigma 1767) solution for 20 min. Larger specimens were digested with 1% trypsin (Fisher Scientific, 9002-07-7) and 2% sodium tetraborate (Sigma B9876) in distilled water for three nights. All specimens were processed through an ascending series of glycerol in 1% potassium hydroxide solution then transferred to a storage solution of 100% glycerol. For large Mexican tetra, over 60 dpf (25 mm SL), the single Alizarin red bone stain was used (Franz-Odendaal et al., 2007) .
Dissection
The mandible and premaxilla were removed from each sample using fine dissection forceps. The mandibles were positioned dorsal side facing upwards and the premaxillae with the anterior edge upwards, with the bones lying as flat as possible. For the single bone analysis, we used only the elements on the right side.
Histological analyses of mandibular symphysis
Mexican tetra and zebrafish mandibles from fish within selected size ranges (4-6 mm SL, 8-10 mm SL, 20 mm SL and over 30 mm SL) were sectioned and stained in order to assess the mandibular symphysis histologically. Fixed fish were dehydrated through an ethanol series and embedded in low melting point paraffin wax (Fisherbrand™ Paraplast X-TRA) according to standard protocols. Embedded samples were sectioned at 5 μm using a standard microtome. Sections were stained using either Masson's trichrome stain or Hall and Brunt's Quadruple stain (HBQ) (Hall, 1986) .
Photography
All samples were examined either using a Nikon SMZ1000 stereomicroscope or a Nikon Eclipse 50i compound microscope. Samples were photographed using a Nikon DXM1200C digital camera in all cases.
Morphometric shape analyses
The dissected mandibles and premaxillae were photographed and prepared for morphometric shape analyses. The photographs were imported into CorelDraw where they were converted to an outline image and filled with color (Fig. 6) . For each analysis, the corresponding images were imported into the morphometrics program called SHAPE version 1.3 (Iwata and Ukai, 2002) . SHAPE consists of four different subprograms called Chain Coder, CHC2NEF, PrinComp and PrinPrint. The digital outlines were then uploaded to ChainCoder where the contours of the outlines were extracted and stored as chain code. The chain codes were then normalized into elliptical Fourier descriptors (EFDs) in the program Chc2Nef. Next, the program PrinComp performed principal component analysis on the EFDs. Each principal component (PC) can be paired with a specific change in shape. The program PrinPrint is used to create contour diagrams for each PC, representing two standard deviations greater and less than the mean shape. Although the number of PCs varies according to each test, the first two PCs (PC1 and PC2) always account for the majority of the shape variation and were therefore graphed in Excel, along with their corresponding contour diagrams.
Three separate analyses were conducted to assess shape changes in the oral jaws between species. The first analysis was on the right premaxilla. The second analysis was on the right half of the mandible. Due to the tightly bound left and right halves of the mandible at the mandibular symphysis, and in order to describe the overall shape change of the entire lower jaw in greater detail, a third morphometrics analysis was performed using the entire mandible. The left and right premaxillae are joined less tightly by a ligament, and therefore were not analyzed in this manner. Minitab 14 was used to conduct a One Way Analysis of Variance (ANOVA) and Tukey's test.
